The large quantum oscillations observed in the thermoelectric power in the antiferromagnetic (AF) state of the heavy-fermion compound CeRh2Si2 disappear suddenly when entering in the polarized paramagnetic (PPM) state at Hc ∼ 26.5 T, indicating an abrupt reconstruction of the Fermi surface. The electronic band structure was [LDA+U ] for the AF state taking the correct magnetic structure into account, for the PPM state, and for the paramagnetic state (PM). Different Fermi surfaces were obtained for the AF, PM, and PPM states. Due to band folding, a large number of branches was expected and observed in the AF state. The LDA+U calculation was compared with the previous LDA calculations. Furthermore, we compared both calculations with previously published de Haas-van Alphen experiments. The better agreement with the LDA approach suggests that above the critical pressure pc CeRh2Si2 enters in a mixed-valence state. In the PPM state under a high magnetic field, the 4f contribution at the Fermi level EF drops significantly compared with that in the PM state, and the 4f electrons contribute only weakly to the Fermi surface in our approach.
Introduction
Heavy-fermion metals are characterized by the formation of heavy quasiparticles below a characteristic energy scale due to the interplay of the f electrons with the light conduction electrons. This gives rise to the formation of a Kondo singlet and, in the case of full compensation of the f moment by the conduction electrons, a paramagnetic (PM) ground state. However, in the case of a magnetically ordered ground state, the interplay between the localization of the quasiparticles, the magnetism, and the Fermi surface topology in heavy-fermion metals is still under debate. 1) In a classical 4f antiferromagnet, the conventional view is that on entering the antiferromagnetic (AF) state, a Fermi surface reconstruction will occur owing to the band folding induced by the reduction of the Brillouin zone associated with the AF ordering. Additionally, in heavy-fermion systems close to a magnetic instability induced by pressure (P ) or magnetic field (H), the drastic change in the dependence on the localization of the 4f electrons has been discussed on the basis of the concept of local criticality with the change from an AF ordered small Fermi surface to a large Fermi surface in the PM state.
2) In the magnetically ordered state, the 4f electrons do not participate in the Fermi surface, while the heavy quasiparticles in the PM phase should contribute. Among these systems, the Isinglike antiferromagnet CeRh 2 Si 2 is particularly interesting as its magnetic structure is well known and commensurable with the crystal structure.
3) This allows the band * E-mail address, alexandre.pourret@cea.fr structure in the AF phase to be calculated while explicitly taking into account the magnetic ordering and the change in the Brillouin zone, which have been omitted in all previous contributions to our knowledge. CeRh 2 Si 2 crystallizes in the ThCr 2 Si 2 -type structure with space group I4/mmm. Its magnetic phase diagram is shown schematically in Fig. 1 . On cooling at zero field and ambient pressure, CeRh 2 Si 2 undergoes a first AF transition to the AF1 phase at T N 1 = 36 K, characterized by the wave vector q 1 = ( 2 ) appears, forming a 4-q superposed structure.
3) The sublattice magnetization M 0 per Ce atom at 4.2 K is approximately 1.5 µ B .
3) The Sommerfeld coefficient γ = C T extrapolated to T → 0 K is only 23 mJmol −1 K −2 (see Ref. 4 ). However, the extrapolation of C T to T → 0 K from the PM phase by taking the entropy balance into account gives γ ≈ 300 mJmol
This clearly indicates that CeRh 2 Si 2 is a heavy-fermion compound in its PM phase.
Under a magnetic field along the c axis, the AF order is suppressed and the system enters a polarized paramagnetic (PPM) regime. For T < 18 K a cascade of two first-order transitions appears, AF2 → AF3 → PPM, with two critical metamagnetic fields H 2−3 = 25.7 T and H c = 26 T associated with two quasi-identical magnetization jumps of 0.75 µ B /Ce (see Fig. 1 ). 5, 6) As the AF3 phase exists only in a narrow magnetic field range and its magnetic structure has not yet been determined, the main focus later in this paper will be on the differences between the AF2 and PPM phases.
Up to now, Fermi surface studies at ambient pressure have been restricted to the AF phase, i.e H < H c . 7) Our recent high magnetic field thermoelectric power (TEP) experiment showed that an important reconstruction of the Fermi surface appears at H c . 8) Various macroscopic measurements suggest that at high magnetic field above H c , the PPM ground state differs from the PM state.
9)
No band structure calculation has been reported for the AF and PPM phases in this system. 5, 6, 9) The pressure dependence of quantum oscillations suggests a Fermi surface reconstruction at p c (∼ 1 GPa), where the AF order is suppressed and the system enters a PM state above p c .
7)
In a previous article, we presented TEP experiments on CeRh 2 Si 2 in the AF state at ambient pressure under a high magnetic field and under pressure. 8) We were able to observe quantum oscillations in the AF state at ambient pressure, which abruptly disappeared when entering the PPM state above H c . We also presented the electronic density of states (DOS) in the AF regime by taking the real magnetic structure into account as well as that in the PM regime, and we showed that at P = 0 in the AF phase the 4f contribution at the Fermi level (E F ) is weak, while it is the main contribution in the PM domain.
In the present article, we present the calculated Fermi surfaces and the DOS in the different states of the phase diagram shown in Fig. 1 : the high temperature PM state, the AF state, and the PPM state under high magnetic field. We compare them with the results of a TEP quantum oscillation experiment. The aim of this study is to provide a consistent picture for changes in the Fermi surface, which are expected from our TEP quantum oscillation data, by performing first-principles electronic structure calculations using the Local Density Approximation+U (LDA+U ) method. These calculations lead to different topologies of the Fermi surfaces for the PM, PPM, and AF states. The calculations show that in the PM state, the f states are itinerant and located around the Fermi level, while the PPM state has a Fermi surface that appears as if the f states are localized by the large magnetic splitting of the lower and upper Hubbard bands. In the AF state the f states are located well below the Fermi level. Furthermore, the AF state produces a large number of Fermi surfaces owing to the magnetic band folding, leading to a large number of de Haas-van Alphen (dHvA) branches as experimentally observed here.
Experimental Results
The TEP as a function of magnetic field applied along the c axis was previously reported in Fig. 6 of Ref. 8 . It was measured up to a high magnetic field of 34 T at LNCMI Grenoble, and measurements up to 16 T were also performed in a superconducting magnet down to 180 mK. In Fig. 2 we plot the magnetic field dependence of the TEP at T = 480 mK with J a and H c. As already mentioned in Ref. 8 , large quantum oscillations appear up to H 2,3 while no quantum oscillation signal is detected above H c . To obtain information on the Fermi surface properties, we performed a fast Fourier transform (FFT) analysis of the signal obtained in the AF2 state. Figure 2(b) shows a typical FFT spectrum for TEP quantum oscillations in CeRh 2 Si 2 with the field along the c axis in the field range of 10−25 T. Fourteen frequencies were observed in this direction. In addition to the main branches (α", γ , γ, , c, µ, and ν) previously identified in dHvA experiments, 7) seven additional frequencies (indicated by black vertical arrows) were observed. All frequencies are reported in Table I . Two of these frequencies may have been attributable to linear combinations of two fundamental frequencies, ν − α" and ν − , while the five others seem to correspond to previously undetected Fermi surface branches. 10) In order to investigate the field dependence of the observed quantum oscillation frequencies, we performed an FFT analysis over a sliding window of width
As shown in Fig. 3 for the main frequencies, none of the observed frequencies show a magnetic field dependence until their sudden disappearance above H c . However, the maximal effective field 1/H eff = 1/2(1/H min + 1/H max ) is below H c . This constant evolution of the frequencies below H c contrasts with the sudden change in the Fermi surface at the first-order transition at H c . To determine the cyclotron masses m c of each branch, we analyzed the temperature dependence of the amplitudes of the FFT spectra in the field range from 8 to 16 T for each branch following the theoretical prediction for the amplitude of the quantum oscillations of the TEP, [12] [13] [14] where large oscillations due to the energy dependence of the relaxation time of the electrons under a high magnetic field can be observed, which gives the main contribution to the oscillatory part,
Here α = 2π 2 k B /e , p is the order of the harmonics, and X = m * c T /H eff . More details on the determination of the effective mass are given in Ref. 15 . As the temperature and temperature gradient were not perfectly constant during the field sweep owing to the field dependence of the thermal conductivity, we corrected this by averaging the temperature in the corresponding field window. Figure 4 shows the temperature dependence of the FFT amplitudes of the main frequencies. The error bars in the amplitude of the thermoelectric quantum oscillations and in the temperature are indicated by verti-cal and horizontal lines, respectively. Owing to the very large amplitude at the frequencies of the FFT spectra compared with the white background noise, the vertical errors are mainly dominated by the error in the applied thermal gradient, reaching an error of around 12% at the lowest temperature when the thermal gradient is small. The error in the temperature is directly linked to the applied thermal gradient. The temperature dependence of the FFT amplitudes is well fitted by the theoretical prediction (Eq. (1)). The position of the maximum of the amplitude of each branch as a function of temperature is given by
. It is obvious that the amplitude is lowest for the lowest temperature for most of the shown frequencies and that the oscillatory and non-oscillatory contributions of the TEP vanish for T → 0 following the third law of thermodynamics. In Table I we have listed the effective masses obtained from the analysis of the TEP and the previous dHvA experiments, 7) and very good agreement was found.
Electronic Structure

Method
The LDA+U band structure calculations were performed in the framework of the full potential linearized augmented plane wave (FLAPW) method. In the FLAPW method, the scalar relativistic effects are taken into account for all electrons, and the spin-orbit interactions are included self-consistently for all valence electrons in a second variational procedure. The LDA+U method in this study was introduced to add a HartreeFock-like effective potential to the LDA, which is accurate for a homogeneous electron gas. Therefore, U is usually considered only for electrons with localized character (d and f ), where the large Coulomb repulsion cannot be described in the LDA. Moreover, this method possesses a tendency that the f electron charge distribution becomes anisotropic compared with the LDA calculations. The calculations were carried out under the assumptions of the symmetries expected for the PM, AF, and PPM states.
First, the calculations for the PM state were performed with the LDA+U method assuming time-reversal symmetry. Previously, similar calculations were performed to reproduce the Fermi surface in the PM state of CeRu 2 Si 2 16) and CeCu 2 Si 2 . 17) Second, in order to calculate the PPM state, we extended the PM calculation by assuming a ferromagnetic (FM) alignment along [001] . In the PPM state we expected localized f states, this is the reason why we calculated the FM state for the PPM state, in which the f states do not contribute to the Fermi surfaces. Of course, the PPM state is strictly different from a FM state as it is stable only under a high magnetic field. Finally, the Fermi surfaces of the AF state were investigated by taking into account the correct magnetic alignment in the magnetic unit cell of the 4-q magnetic structure.
In the calculations, we included Ce 5p/5d/6s/4f , and Rh 4d/5s Si 3s/3p orbitals as valence states and Ce 5s/4d, Rh 4s/4p, and Si 2s/2p orbitals as semi-core states. As a result, one formula unit cell of CeRh 2 . We used these parameters for the AF, PM, and PPM states. The change in the lattice parameters due to thermal expansion or magnetostriction effects was not taken into account and the different DOSs and Fermi surfaces are solely due to changes in the magnetic structure. The radii of muffin-tin spheres, which separate the region using plane waves and atomic bases for the bases, are 1.60Å for Ce, and 1.17Å for Rh and Si. We adapted U = 5 eV on the basis of photoemission experiments on Ce atoms. 19) For the LDA+U double-counting term, the fully localized limit was adapted. This is an important ingredient of the Fermi surfaces in the PM states. For the calculation of magnetic states, the localized nature of f electrons is a consequence of the large U values introduced as the Hartree-Fock-like potential in the LDA+U method with the magnetic order. 16) Note that different U values do not affect the essential features of the Fermi surfaces unless the U value is too small to induce splitting between the lower and upper Hubbard bands. 
Results and Discussion
We performed calculations to self-consistently determine the charge density and the density matrices for the nonmagnetic PM and PPM states. For the AF state, Table I . List of quantum oscillation frequencies in the AF2 phase of CeRh 2 
branches dHvA (13-16.9 Ce-f 1 occupation for the |j = 5/2, j z = 5/2 orbital was assumed for the density matrices, taking the eightCeRh 2 Si 2 -formula magnetic unit cell for the 4 − q magnetic order with the experimentally identified magnetic alignment.
3) The PM Brillouin zone and the eight times smaller AF Brillouin zone are respectively shown in Figs. 5(a) and 5(b) . The different band structures and DOSs for the PM, PPM, and AF states are respectively shown in Figs. 5(c)-5(e). In the one-electron picture, the spin-orbit interaction splits the f orbitals into j = 5/2 and j = 7/2 orbitals. The j = 7/2 orbitals are located more than 1 eV above the Fermi level, and the large U emphasizes the anisotropic occupation for the j = 5/2 orbitals as discussed below.
The main result is that in the PM state the f states located around the Fermi level contribute to the formation of the Fermi surface, in contrast to the f orbitals located apart from the Fermi level in the PPM and AF states, which do not contribute to the Fermi surface close to the Fermi level. In the PM state, |j = 5/2, j z = ±3/2 orbitals mainly form the f states around the Fermi level. As discussed in Refs. 16 and 17, LDA calculations usually produce homogeneous f states, to which all j = 5/2 orbitals, meaning the three Kramers doublets |j = 5/2, j z = ±5/2 , |j = 5/2, j z = ±3/2 , |j = 5/2, j z = ±1/2 , contribute around the Fermi level because the small Coulomb potential U is comparable to the f bandwidth. By applying pressure, the crystal electrical field (CEF) anisotropy is suppressed, so the itinerant character of the f electrons is more efficiently captured by performing LDA calculations above the critical pressure p c as discussed for CeCu 2 Si 2 .
17)
In the AF state, the |j = 5/2, j z = 5/2 orbitals are mainly occupied and are present at −1 eV below the Fermi level, while the f states in the PPM state have a strong contribution from the |j = 5/2, j z = ±3/2 states mixed with the |j = 5/2, j z = ±5/2 states. The rich band structure of the AF state in Fig. 5(e) is due to the band folding. The conduction bands of CeRh 2 Si 2 originate from Si-p and Rh-d bands, where the latter form flat bands around the Fermi level, as seen in the band structures of the PPM and AF states in Figs. 5(d) and 5(e), respectively. These bands can contribute to the relatively large "band" masses of the Fermi surfaces even when the f states do not contribute to the Fermi surfaces as shown in Figs. 7 and 8 . Although the lattice parameters can affect the electronic structure, the pressure or field effect only continuously modifies the conduction bands and hardly affects the f electrons localized around the Ce atoms.
The corresponding Fermi surfaces in the PM, PPM and AF phases are shown in Figs. 6-8, respectively. In Fig. 6(a) , the f orbital contribution for the Fermi surfaces is mapped on the Fermi surfaces. In the PM state, the f orbital only has a large contribution on the 41 st Fermi surface as a result of the k-dependence of the hybridization between the f states and conduction bands around the Fermi level. The Fermi velocity, which is defined as the k-space gradient of the energy bands, is also shown in Figs. 6-8 . The blue color corresponds to a low Fermi velocity (large effective mass) and the red color to a large Fermi velocity (small effective mass). In the PM state, for the hole Fermi surface (band 40) the contribution of f electrons is small, whereas the electron Fermi surface (band 41) has a large 4f contribution. The donutlike hole Fermi surface from band 40 has a similar shape to the band 25-hole Fermi surface obtained from the previous LDA calculations. 7, 20, 21) The only difference is the appearance of a hole in the donut in the LDA+U calculation, which is absent in the LDA calculation. The shape of the heavy Fermi surface of band 41 is very different from that obtained from the previous calculation as it is strongly affected by the Coulomb repulsion U . These changes in the Fermi surfaces are caused by the different k-dependence of the hybridization between the f states and conduction bands. The reason why small Fermi velocities persist in each phase can be found from the band structures around the Fermi level in Fig. 5, i. e., many of the energy bands have small dispersion around the Fermi level, leading to Fermi surfaces on which the band masses are relatively large, even in the AF and PPM phases. The LDA+U calculations for the magnetic states show large splitting between the lower and upper Hubbard bands, which results in a weak contribution to the Fermi surfaces. These magnetic f states can be considered as localized in the sense that only conduction bands dominantly form the Fermi surfaces. As a result, the Fermi surfaces of the PPM state, which do not break translation symmetry with the localized f states, are found to be similar to those calculated for LaRh 2 Si 2 .
7) Bands 78 and 79 are hole surfaces and bands 82 and 83 are electron surfaces. Since CeRh 2 Si 2 has an even number of total electrons, the Fermi surfaces in the PM state show the compensation of electron and hole Fermi surfaces. The FM polarization in the PPM phase breaks the compensation relation of the Fermi surfaces owing to the broken time-reversal symmetry. The sets of Fermi surfaces with a very similar shape imply that the magnetic splitting of the energy bands around the Fermi level is very small, on the order of 0.1 eV at most, within the current calculations for the PPM phase.
In the AF state, the magnetic Brillouin zone, which is eight times smaller than that in the PM and PPM states, includes octuple band states due to the band folding (see Fig. 5 ), and these bands produce 20 Fermi surfaces with a degenerated pair due to the AF symmetry leading to a large number of dHvA branches (see Fig. 8 ). There is good agreement between the predicted frequencies in the AF2 state and the experimentally observed ones. However, the main frequency observed in the TEP experiment ν ∼ 1770 T was not predicted (see Table I ). The largest mass (6.4 m 0 ) observed in the dHvA measurements is associated with the largest frequency a = 7560 T. This frequency may correspond to the largest orbit of the 319 th (7489 T) band originating from band folding. The calculated mass of this orbit is m * = 2.26 m 0 . Note that this orbit has no donut-like shape as previously predicted.
7) The largest mass observed by TEP measurements originates from the newly detected frequency at around 1370 T (with m * = 7.2 m 0 ). This frequency may come from one orbit of the 319 th band. The calculated effective mass of 1.8 m 0 associated with this frequency is considerably different from the observed value but it is still consistent with a large effective mass if we compare this value with the mass predicted for the a branch. Indeed, the calculated masses are underestimated, which is due to the fact that the dynamical correlations are not taken into account in the LDA+U calculation, so only qualitative comparison of the masses is appropriate. Note that the donut-like Fermi surface of the 40 th band in the PM state with a large frequency (∼ 7700 T) is similar to the spin split Fermi surfaces (78 th and 79 th bands) with a large frequency (∼ 9800 T) in the PPM state. These Fermi surfaces are similar to those predicted and observed in a hole band of LaRh 2 Si 2 , 7) and the similarities can be understood from the weak contribution of f states of the 40 th Fermi surface as shown in Fig. 6 . This means that the 40 th Fermi surface is dominantly formed by conduction bands.
Because quantum oscillations are detected for the ground state, comparison between the experiments and calculation in the PM phase is meaningful only above the critical pressure p c where the AF order collapses. 22) In previous dHvA measurements showing almost no pressure dependence in the AF state up to p c , three large frequencies were detected above p c for H a denoted B ∼4 kT, A ∼ 5.8 kT, and C ∼ 8 kT, indicating an abrupt change in the Fermi surfaces at p c .
24) The observed frequencies in the high pressure PM state are closer to the frequencies obtained in the previous calculation based on the LDA 7) than those in the present calculation based on the LDA+U (see Table II ). This discrepancy can be explained by the fact that up on approaching p c , the system may pass through a valence transition crossover.
8) The influence of the crystal field collapses when the Kondo temperature exceeds the crystal field splitting, leading to a degenerated 4f electronic Kondo singlet and the suppression of the Ising character of the 4f electrons. 25) In this context, as discussed for p > p c , LDA calculations are more appropriate for calculating the band structure than LDA+U calculations. The definitive test will be the observation of quantum oscillations for H c in the PM regime. Unfortunately, no signal has yet been observed. The LDA calculations (see Fig. 10 from Ref. 7) predict large frequencies originating from both the hole and electron Fermi surfaces, while the LDA+U gives only a large hole and small electron orbits (see Fig. 6 ).
Conclusion
The Fermi surface of the AF phase of CeRh 2 Si 2 was studied by examining its quantum oscillations in the TEP. Good agreement was observed with the new band structure calculations, which predict a large number of frequencies in the AF state due to band folding induced by the reduction of the Brillouin zone. The difference in the Fermi velocities between the PM and PPM or AF states is not clear, apart from the fact that the 4f contribution changes from itinerant in the PM state to localized in the PPM or AF state, as predicted by a DOS calculation. The flatness of the band dispersion in the AF and PPM states contributes to the decrease in the Fermi velocity.
LDA+U band structure calculations, which initially assumed that the 4f electrons were itinerant, stressed the contrasting behavior in the PM, AF, and PPM phases. In the PM phase the itinerant character of the 4f electrons appears directly on the Fermi surface topology. This is in excellent agreement with the high temperature observation that CeRh 2 Si 2 is a heavy-fermion compound close to an AF magnetic instability. 26, 27) However, to proceed from this qualitative comparison to a definite conclusion requires new attempts to obtain more information on the Fermi surface. A major breakthrough is expected from the observation of quantum oscillations for H c above p c .
The advanced treatment of the local correlations, for instance, by an LDA+DMFT (dynamical mean-field theory) approach, is expected to improve the present results and its application is a further issue. In the PM state at ambient presure, the strength of the AF correlations may push towards a localized picture above T N . Angleresolved photoemission spectroscopy (ARPES) measurements may clarify this challenge. In the PPM phase, the difficulty is the lack of extensive experimental data (only one frequency has been detected above H c ).
28) Even for the highly studied case of CeRu 2 Si 2 , a definitive comparison between the calculated Fermi surface topology and results of experiments remains limited. [29] [30] [31] [32] [33] For example, the persistence of the itinerant character of 4f electrons may be hidden by the huge effective mass carried by the minority spin carriers as they will be subjected to the strong local repulsion of the majority spin sites. A key experimental challenge will be to obtain definitive microscopic insights on the Fermi surface in the PPM phase. There is now a wide range of heavy-fermion compounds where large magnetic polarization leads to Fermi surface instabilities, regardless of the nature of the AF correlations, of Ising type plus metamagnetism for CeRu 2 Si 2 and CeRh 2 Si 2 , and of Heisenberg type for YbRh 2 Si 2 . In the latter case, in contrast to CeRh 2 Si 2 , far from a magnetic instability (H > H c ) the Fermi surface changes continuously under a magnetic field with successive Lifshitz transitions induced by an instability in the spin-polarized band. 34, 35) Above p c the metamagnetism of CeRh 2 Si 2 will be replaced by pseudo-metamagnetism, as intensively discussed for the CeRu 2 Si 2 series.
27) The interplay between the 4f electron nature in heavy-fermion sys-
